In the Neotropical area of the Río Apatlaco sub-basin (central Mexico), high deforestation can be attributed to urban development, as this area concentrates the highest human population density in Morelos state. The objective of this study was to analyze changes in land use and vegetation in this sub-basin from 2002 to 2012 using geographic information systems. The results show that, over the period of analysis, the main changes occurred in the grassland and coniferous forest. However, in the tropical dry forest (TDF) the annual rate of deforestation (0.13%) was much lower than previously estimated (1.4%), but no recovery took place. It is possible that deforestation of the TDF was halted because the remaining areas with forest remnants were unsuitable for agricultural activities and/or abandonment of such activities has taken place. It is therefore a priority to protect these areas of secondary vegetation that serve as a buffer for conserved areas, allowing their recovery and contributing to their interconnectivity.
Estimation and monitoring of the magnitude, dynamics and causality of deforestation in terrestrial ecosystems is a primary goal of conservation (Goetz et al., 2009; Whitehurst et al., 2009) , since knowledge of the rates of change enables measurement of the condition of natural resources and an understanding of the trends presented by degradation/recovery processes. Deforestation rates have also been used to estimate extinction, although this has produced largely inaccurate results (He & Hubbell, 2011) .
Over the period 1990 to 2000, the tropical forests of Mexico suffered a loss of 5.5 million hectares (1.1 %) per year (FAO, 2006) . Among these forests, the tropical dry forest (TDF) is one of the most important in Mexico, since it occupies the third largest area Gerez, 1994., Palacios-Prieto et al., 2000) . It has been calculated that the TDF hosts 33.0% (824 species) of the terrestrial vertebrates of Mexico and 6000 species of vascular plants (Ceballos & García, 1995 ., Rzedowski, 1991a , of which 40.0% are endemic (Rzedowski, 1991b) . Flores and Gerez (1994) estimated that the coverage of TDF in Mexico in 1981 was 12.4% but that only 8.9% presented no evidence of disturbance. In 1990, the national coverage of unaltered TDF was 7.0%, while in 1992 the area lost to deforestation was estimated to be 163,000 hectares per year (Rincón and Huante, 1993) . More recent estimates indicate that the tropical dry forests of Mesoamerican and Mexico are the most threatened worldwide, because of high deforestation, high fragmentation, isolation and exposure to high pressures of human population density. Moreover, current TDF distribution is under threat from the effects of climate change and is poorly protected (Miles et al., 2006) .
In the state of Morelos (Central Mexico), TDF is the most extensive vegetation type (Contreras-MacBeath et al., 2004) , but an annual loss of 1.4% was calculated for the period 1973 to 1989 (Trejo & Dirzo, 2000) . This rate of deforestation was suggested as one of the highest among the tropical ecosystems of Mexico (Trejo & Dirzo, 2000) . In areas of Morelos, such as the Río Apatlaco sub-basin, high deforestation can be attributed to urban development, since this is the area of highest human population density in the state (INEGI, 2005) . Urban development has taken place in this area because the TDF zone combines a warm, dry climate with an abundance of rivers and water bodies that originate in the upper zones. These climatic and hydrological factors have favoured the establishment of agriculture, as well as urban and touristic development (Contreras-MacBeath et al., 2004) .
Deforestation is a dynamic phenomenon; it can accelerate, halt or reverse depending on the particular period under analysis (Ernst et al., 2013) . Monitoring deforestation rates provides a parameter with which to measure the degree of threat faced by terrestrial ecosystems (Miles et al., 2006) . However, large-scale (e.g. global) measurement of land use change can impede the detection of fi ner-scale causes (Miles et al., 2006) . For this reason, it is necessary to conduct continuous studies of these spatial changes at the regional scale, in order to determine both the causes and rhythm of deforestation.
The objective of the present study was to measure the rate of land use cover change over the period [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] in the Apatlaco River sub-basin (central Mexico). This area features a continuum of temperate forest to TDF. The rate of deforestation in the former is unknown, but there is one previous deforestation rate estimate for the TDF (1.4% in the period 1973 to 1989; Trejo & Dirzo, 2000) and this forest accounted for more than 70.0% of the coverage of Morelos state (Trejo & Dirzo, 2000) . For the TDF, we also compared our rate of change with this previous estimate and we estimated its potential distribution within the sub-basin. The general hypothesis is that the annual rate of deforestation of TDF of this area would remain at least at 1.4% (Trejo & Dirzo, 2000) but may increase, since this area has not been subject to any particular conservation measures and suffers pressure from increases in the urban zone. The temperate forests, located within a protected zone, should present deforestation rates close to zero, or even recovery.
Method
The Río Apatlaco hydrological sub-basin is located in central Mexico, and is shared between the states of Morelos, Mexico and Distrito Federal (Figure N° 1) (Ernst et al., 2005) . It is estimated that 51% of the human population of Morelos live in the Río Apatlaco sub-basin, which 
Cartography of the vegetation and land use cover
Cartographic information generated by the National Microbasins Program (SAGARPA, 2006) was used to delimit the study area. Unpublished maps on land-use and vegetation from the years 2000 and 2010 were consulted in order to defi ne the vegetation types.
For the 2012 map and the potential distribution of TDF, SPOT5 images with a spatial resolution of 10 x 10 m per pixel were used. From these sources, a composite image was generated using version 9.0 of the ERDAS software (Fueyo, 2008) , highlighting the natural vegetation and its status in terms of conservation or stress. Bands 4 (1.58-1.75 μm), 3 (0.78-0.89 μm) and 2 (0.61-0.68 μm) of each image were combined in order to generate this image (Mas et al., 1996) .
Using the INEGI digital model of terrain (DMT), each image used was orthorectifi ed, assigning the projection of the UTM Zone 14, Datum WGS84 and the same classifi cation of vegetation types was used throughout. The 2012 map was generated by photointerpretation of a composite image at a scale of 1:10000 with the software ArcGis 10.1. For the 2002 map, we used orthophotographs with 8.0 m resolution. To interpret the TDF distribution in the 2012 map, TDF was divided into three categories. The first was primary TDF, which corresponded to areas with a dense cover of vegetation. The arboreal elements appeared clumped in the images and conservation indicator species, such as Conzattia multifl ora and species of the genus Bursera, were detected during fi eld surveys. In addition, there were herbaceous, shrub and arboreal strata, as well as vines and epiphytes. The second category was disturbed TDF (TDFd), which included zones where the arboreal coverage did not appear dense in the images and disturbance indicator species, such as Acacia angustissima, A. cochliacantha, Ipomoea sp. and/or Guazuma ulmifolia (Contreras-Macbeath, 2004) , were observed during fi eld surveys. Nevertheless, it was still possible to observe herbaceous, shrub and arboreal strata, as well as vines. The third category was secondary vegetation derived from TDF (TDFs). It was possible to distinguish this vegetation type in the images because it occupied zones of potential TDF, but where recent images displayed few arboreal elements. It was observed during the fi eld surveys that this vegetation was dominated by herbaceous plants or by scrub or dwarf forests that could feature monospecifi c stands of Acacia cochliacantha or A. angustissima, or multispecifi c stands, where the most frequent species were A. angustissima, A. cochliacantha, Ipomoea spp. and/or Guazuma ulmifolia. The strata were basically herbaceous and shrub, with few arboreal elements. Finally, thematic maps were presented at a scale of 1:10,000 and rates of change were calculated for each vegetation type using the exponential model (Trejo & Dirzo, 2000) .
Potential distribution of TDF in the sub-basin was estimated with an aptitude model (SEMARNAT, 2012), using the cartographic attributes of pedology, lithology, precipitation and digital model of elevation. This model weighed the zones that presented characteristics suitable for the development of TDF (SEMARNAT, 2012) .
Reliability analysis
The classifi cation-evaluation was subjected to a reliability analysis in order to deter- The principal diagonal indicates the number of areas that were classifi ed correctly for each category. Numbers outside the diagonal, but in the same row, are errors of assignation corrected during fi eld verifi cation. The accuracy is the percentage of points correctly classifi ed by the system for each row; this percentage declines as more areas are incorrectly assigned to a vegetation type. The reliability is the number of points of verifi cation classifi ed correctly by the system for each column; this percentage is reduced when many areas of that particular vegetation type were not originally detected. Source: Own elaboration. (d) is also shown, in different intensities directly corresponding to the probability of TDF presence.
Source: Own elaboration.
mine the precision of the results of this process (Johnson and Wichern, 2002 ). An error matrix was generated in which a comparison was made between the points of verifi cation in the fi eld and those derived from interpretation of the digital aerial photographs. The generated cartography (2012) was compared with 129 verifi cation points. In turn, the overall accuracy was calculated (Anderson et al 1976) .
Interviews
In order to determine the causes of land use change in the TDF and to explore the perception of the landowners to such changes, 25 semi-structured interviews (Bernard, 1994) were conducted with inhabitants of the sub-basin. The interviewees were chosen from people who had previously sold their land. Interviews were conducted during the months of October and December of 2013, the age of the respondents was 35-70 years and 100% were men. This sex bias was a result of the fact that in the studied area >90% of landowners were male.
Results
Overall a exactness of the photointerpretation was 90%, while reliability was 90% and precision was 91%. The lowest values of reliability were estimated for disturbed coniferous and oak forests (Table N o Among the different vegetation and land cover classes, only three did not change over the course of the analysed period (disturbed oak-forest, primary scrubland and water bodies/rivers), (Table N o 3, Figure N o 2) . The categories that lost the least area (less than 50 ha) were oak forest, riparian forest, and disturbed pine-oak forest (Table N o 3) .
TDFd, TDF and rain-fed agriculture lost between 50 ha and 400 ha over the period of analysis, presenting negative rates of change of below 1% per year (Table N o 3 and Figure  N o 2) . Zones of grassland, irrigated crops, secondary vegetation derived from TDF and coniferous forest lost more than 400 ha in area and presented negative rates of change above 1% per year (Table N o 
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Each row shows the area of each vegetation/land cover type in the year 2002 that remained the same (bold in the diagonal) or transformed into another type. Each column shows the area that remained or was gained by each vegetation/land cover type by 2012. Numbers in parentheses are the percentage of area that remained the same (diagonal) or changed, relative to the 2002 area distribution. This matrix shows only those vegetation/land cover types that changed by more than 50 ha over the ten-year period (see Table N o 3).
sented the greatest negative rates of change (Table N o 3) .
Five categories increased in area (Table  N o 3, Figure N o 2): the lower montane forest, bare soil and pine-oak forest gained less than 60 ha; their rate of change was positive, but less than 1% per year. The disturbed coniferous forest and urban areas, however, gained more than 1000 ha and presented the highest positive rates of change (greater than 1.5% per year).
The transition matrix (Table N o 4) suggests three different dynamics of change; one in the upper zone of the sub-basin, another in the TDF zone and another in the zones of urban development, grassland and agricultural land. In the upper zone of the sub-basin, the transformations observed suggest processes of both natural recovery and human impact.
The primary coniferous forest presented probabilities of persistence greater than 80% (Table N o 4). The coniferous forest and its disturbed vegetation presented a dynamic where 4% of the disturbed zones recovered to become conserved areas; however, 16% of the primary coniferous forest became disturbed, while 7% of the area of disturbed coniferous forest transformed into grassland, along with 1.5% of the primary coniferous forest.
The dynamic of the TDF and TDFs showed that deforestation had ceased, but no recovery had taken place in the areas of TDFs. The areas of TDF remained at more than 98% of their initial value (Table Nº 4) ; however, the areas of TDFd and of TDFs did not become conserved forest; instead, these areas deteriorated into grassland or urban zones. Among the forests of the sub-basin, TDF is the most fragmented (Table Nº 5, Figure Nº 3 ). In 2012, it consisted of 246 fragments in primary condition, 418 disturbed and 711 fragments of secondary vegetation derived from TDF. The dynamic of the period analysed shows that the urban zones grew mainly at the expense of the grasslands, agricultural zones and secondary vegetation. Despite the fact that new areas of grassland were created by the conversion of primary forest and secondary vegetation, and half of the areas recorded as grassland in 2002 remained unmodifi ed, the grasslands derived from TDF transformed into urban zones, while those that had developed from the temperate forest remained intact. As a result, grassland was the land cover that lost most area (Table Nº 4) ; half of the area that was grassland in 2002 was transformed into urban zones (Table Nº 4 ). More than 10% of the zones with irrigated crops were transformed into urban zones. The urban zone was the land use category that presented the largest increase in size (>7000 ha).
In the TDF zone, 78% of the landowners interviewed had sold all or part of their land, while 42% had had no prior interest in selling, but received offerts that induced them to sell and another 36% sold because their descendants no longer worked the land. This was either because they were studying or had migrated to the United States. The remainder sold their land because they needed money. Prior to sale, the lands had been abandoned for between three and 12 years, and were covered by secondary vegetation. Once sold, 67% of these lands became urban areas, while 22% became agricultural land and 11 % remained abandoned.
Discussion
Land use change is a process that determines the quantity of conserved terrestrial ecosystems and their spatial disposition (Whitehurst et al., 2009) . This study in the Río Apatlaco sub-basin found that, at the regional scale, processes of recovery and deterioration simultaneously exist in terrestrial ecosystems and that these processes are altitudinally stratified. The majority of changes in area corresponded to growth of the urban zone at the expense of TDF, TDFd and TDFs, mainly in areas that were no longer cultivated and already had secondary vegetation (TDFs). This pattern would have remained undetected in large-scale studies (Miles et al., 2006) .
In the elevated zone of the sub-basin (>2550 m.a.s.l.), recovery of the coniferous forest was slight and smaller than the change of this forest into disturbed zones, as has been noted in other reserves (Whitehurst et al., 2009) . The recovery of coniferous forest from disturbed zones corresponds to succession within the protected area and is an indicator of the success of conservation policies. However, two processes were more extensive than recovery; conversion of coniferous forest into grassland and increase in area of disturbed forest. The increase in area of disturbed cold forests may be the result of smallscale tree harvesting in the zone. In a zone of coniferous and oak forest located close to the study area, recent research found that the frequency of zones with evidence of small-scale tree harvesting is 67.7% and is similar to that found in Neotropical cold forests (Cruz-Fernandez et al., 2011) . The data from our study suggest that timber extraction may affect the density of trees to such an extent that it becomes evident at the resolution of the images used for the purposes of the present study, as has been noted for tropical dry forest (Whitehurst et al., 2009 ).
According to the results of this study, the hypothesis was rejected for the TDF, since the annual rate of change found was less than a tenth (0.1%), whereas previous studies have reported an annual rate of 1.4% (Trejo and Dirzo, 2000) . This shows that, over the period 2002-2012, deceleration took place in the TDF deforestation in the zone of study. The difference between this and the estimate for the period 1973-1989 could be related to policies applied during 1970-1976, when land and credits for elimination of vegetation were distributed (Merino-Pérez, 2004) . As a result of these policies, livestock production grew and the area dedicated to this activity increased by more than 100% (Word Bank, 1995) . The observed deceleration of deforestation, rather than being the result of effi cient conservation policies, could be the product of a lack of resources for agricultural exploitation or that the areas of conserved forest are located in zones that are unsuitable for the development of agricultural activities.
Halting deforestation is a primary goal of conservation. The evidence provided by this study shows that, even when deforestation is halted and coverage of secondary vegetation diminished, no increase was recorded in the coverage of primary ecosystems. This occurred because land use change produced an increased area of urban zones, in a process driven by two factors: poverty and a modification to the Mexican constitution in 1992 that eliminated prior restrictions regarding the sale of communal land (Secretaría de Gobernación, 1992) . The interviews revealed that the majority of the agricultural areas of TDF sold had been previously abandoned because owners lacked the fi nancial resources to work their land. As a consequence, some owners migrated to the United States and the abandoned land became covered by secondary vegetation. While forest deforestation is restricted, agricultural land and land covered with secondary vegetation can be sold freely, allowing a direct relationship between the sale of communal lands and the conversion to urban zones of land under active agricultural use and/or abandonment with secondary vegetation.
The results of this study suggest that TDF covered more than 70% of the Río Apatlaco sub-basin but is currently reduced to less than 20% and dominated by fragments of TDFd and TDFs. The data shows that TDFd has not recovered, since the secondary vegetation and grasslands derived from TDF have become urban zones, instead of returning to TDF. The 246 fragments of TDF in primary condition and 418 disturbed fragments are chronically reduced and isolated and cannot increase in area. The matrix that surrounds them could act to impede the movement of organisms, especially where it is dominated by urban areas and roads.
The TDF is the most fragmented forest in the sub-basin, a finding that agrees with a prior evaluation of the status of this forest on the Mexican Pacifi c coast (Miles et al., 2006) . The number of fragments of TDF is twice that of the coniferous forest, four times that of the oak forest and six times that of the pine-oak forest (Table 5 ). In addition to this high frag-mentation, only three fragments of TDF are greater than 100 ha. Of these, two are greater than 128 ha ( Figure Nº 2) , but the majority of fragments are between 2 and 16 ha. In the coniferous, oak and pine-oak forests, there is at least one fragment greater than 500 ha.
The decline and high fragmentation of the TDF in its different states of conservation are a direct threat to biodiversity, since some species of fl ora and fauna may require continuous TDF in order to sustain their populations (Henle et al., 2004; Raghubanshi and Tripathi, 2009) . Further reduction and fragmentation of the TDF could increase the threat to the survival of many species of plants and animals. Raghubanshi and Tripathi (2009) found that the TDF plant communities of least area are also those with lower species richness and diversity.
Continuous monitoring of changes in vegetal coverage at the regional scale is important in order to obtain updated information, evaluate trends and to understand the behaviour of these trends over time (Ernst et al.,2013; Miles et al., 2006; Whitehurst et al., 2009) , but also for urban planning and prioritization of restoration actions in key zones or vegetation types. Regional scale monitoring can prompt actions to correct trends of change; for example, at the global scale, only population density is perceived as a factor that affects TDF (Miles et al., 2006) but, at regional scale, urban development is identifi ed as the mechanism that impedes recovery of TDF, but not the demand for expanding agricultural areas. Conserving forest resources in the face of increasing human pressure is a challenging task, as urbanization does nothing to allow ecosystem recovery (Whitehurst et al., 2009) . In accordance with other areas of TDF (Whitehurst et al., 2009) , in those of the studied region it is necessary to protect secondary and disturbed areas that serve as a buffer for the remaining fragments and could allow the TDF to recover. In the studied sub-basin, natural protected areas do not include TDF and urban expansion into secondary vegetation is allowed. Creation of protected areas in areas of TDF will help to conserve the primary vegetation but also to protect TDFd and TDFs vegetation, which can act as buffers or as areas for TDF recovery. Studies of the effects of chronic reduction and isolation of the TDF on organisms are also a priority.
